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Abstract. Nitrogen deposition in remote areas has increased,
but the effect on ecosystems is still poorly understood. For
aquatic systems, knowledge of the main processes driving
the observed variation is limited, as is knowledge of how
changes in nitrogen supply affect lake biogeochemical and
food web processes. Differences in dissolved inorganic ni-
trogen (DIN) between lakes cannot be understood without
considering catchment characteristics. In mountains, catch-
ment features (e.g., thermal conditions, land cover) vary con-
siderably with elevation. The isotopic composition of nitro-
gen (δ15N) is increasingly used to study aquatic ecosystem
dynamics. Here we explore the variability of δ15N in DIN in
high mountain lakes and show that environmental conditions
that change with altitude can affect the isotopic ratio.
We measured ammonium and nitrate δ15N values in atmo-
spheric deposition, epilimnetic water, deep chlorophyll max-
imum water (DCMW) and sediment pore water (SPW) from
eight mountain lakes in the Pyrenees, both above and below
the treeline. Lakes showed relatively uniform δ15N-NH+4
values in SPW (2.2±1.6‰), with no variation correspond-
ing to catchment or lake characteristics. We suggest that or-
ganic matter diagenesis under similar sediment conditions is
responsible for the low variation between the lakes.
In the water column, the range of δ15N values was
larger for ammonium (−9.4‰ to 7.4‰) than for nitrate
(−11.4‰ to −3.4‰), as a result of higher variation both be-
tween and within lakes (epilimnetic vs. DCM water). For
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both compounds part of the difference correlated with alti-
tude or catchment features (e.g., scree proportion). Based on
concentration, chemical and isotopic tendencies, we suggest
that patterns arise from the distinct relative contributions of
two types of water flow paths to the lakes: one from snow-
pack melting, with little soil interaction; and another highly
influenced by soil conditions. The snow-type flow path con-
tributes low DIN concentrations depleted in 15N, whereas
the soil-type flow path contributes high nitrate concentra-
tions with higher δ15N. The proportion of these two types
of source correlates with average catchment features when
there is extensive snow cover during spring and early sum-
mer and probably becomes more dependent on local charac-
teristics around the lake as summer advances. Lake depth
and pore water ammonium concentrations, among other fea-
tures, introduce secondary variation. In the context of nitro-
gen deposition studies, lakes with higher snow-type influence
will probably register changes in N deposition and pollution
sources better, whereas lakes with higher soil-type influence
may reflect long-term effects of vegetation and soil dynam-
ics.
1 Introduction
The global nitrogen cycle has been modified by human activ-
ities during recent centuries with an increase in the amount
of reactive nitrogen (i.e., NH+4 and NO−3 ) circulating (Gruber
and Galloway, 2008). As part of this change, there has been
an increase in nitrogen deposition in remote areas, which is
affecting ecosystems in a way that is still poorly understood.
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Fig. 1. Map showing the location of the eight lakes in the
“Aigu¨estortes i Estany de Sant Maurici” National Park, Central
Pyrenees (Spain).
High mountain lakes are among such ecosystems (Mosello et
al., 2002; Kopacek et al., 2005; Catalan et al., 2009b). How-
ever, there is still only very limited knowledge of the main
processes driving the observed variation and how changes
in nitrogen supply affect lake biogeochemical pathways and
food web processes.
The isotopic composition of nitrogen (δ15N) is increas-
ingly used to investigate aquatic ecosystem dynamics. Ni-
trification (Mariotti et al., 1981), denitrification (Choi et al.,
2001), N uptake by osmotrophs (Hogberg, 1997), ammonia
volatilisation (Hogberg, 1997), organic matter mineralisation
(Lehmann et al., 2002), atmospheric N2 fixation (Shearer and
Kohl, 1986), assimilation (Wada and Hattori, 1978; Doi et
al., 2004) and diffusion between compartments (e.g., sedi-
ment – water; Owens, 1987) can produce changes in isotopic
N composition. Therefore, measurement of the isotopic com-
position of nitrogen compounds may be helpful for both bio-
geochemical and food web studies (Fry, 2006). It is still nec-
essary to explore the patterns and range of δ15N, and their
origins, in systems for which we have little information on
δ15N variation, such as mountain lakes.
Atmospheric deposition is the dominant source of N com-
pounds in most high mountain catchments; it outstrips bio-
logical fixation of atmospheric molecular nitrogen (Wookey
et al., 2009). Nitrate and ammonium are deposited in simi-
lar proportions in European mountains (Camarero and Cata-
lan, 1993, 1996; Rogora et al., 2001; Croise´ et al., 2005).
However, NO−3 is the most common form of N that enters
lakes from catchments (Hood et al., 2003; Kopacek et al.,
2005). Ammonium is either retained to a large extent in the
catchment, by biological assimilation and sorption in min-
eral soil horizons, or transformed into NO−3 by bacterial ni-
trification (Campbell et al., 2000). Therefore, differences in
dissolved inorganic nitrogen (DIN) in lakes cannot be under-
stood without also considering catchment characteristics. In
mountains, catchment characteristics vary considerably with
elevation (Korner, 2007). In addition to thermal conditions,
the extent and characteristics of soils and vegetation change.
In this study, our aims were to explore the variation in δ15N in
DIN in high mountain lakes and how changing environmen-
tal conditions with increasing altitude can affect the isotopic
ratio.
2 Materials and methods
2.1 Study sites
We sampled eight lakes at altitudes ranging from
1620 m a.m.s.l. and 2688 m a.m.s.l. (Table 1) in the
Central Pyrenees (NE Spain) (Fig. 1). They are located
within an area less than 15 km in radius, and belong to three
different water catchment basins. All the lake basins are on
granodioritic bedrock of the Maladeta batholiths; however,
those lakes located in large catchments receive some runoff
influence from other lithologies. For each lake catchment,
the proportion of different land cover types is described in a
previous study (Casals-Carrasco et al., 2009). The altitudinal
gradient includes a shift in land cover, from a dominance of
bare rock and thin, poor soils at high altitudes to extensively
vegetated areas and well-developed soils at lower sites
(Table 1). For operative purposes, we amalgamated the land
cover types into four categories (thick soil, thin soil, scree
and rocks), which are representative of the largest contrasts
in biogeochemical characteristics. The treeline is on average
around 2150 m a.s.l. in this area.
Average water residence time in these lakes is relatively
short; it varies from less than one year for most of the lakes
to several years for the deepest ones. Depth increases with
lake area due to the common geomorphological origin of the
lakes (Catalan et al., 2009a) and lake volume is proportional
to lake area. The ratio between catchment area and lake area
is a good indicator of water retention time (Table 1). Small
lakes low down the valleys (e.g., Llebreta) have shorter re-
tention times; whereas large cirque lakes (e.g., Redon) have
the highest.
The general physical and chemical characteristics of the
lakes are relatively similar (Table 1), with the exception
of depth. The lakes are dimictic, covered by ice for 5 to
8 months a year, oligotrophic, and have low ion con-
tent and acid-buffering capacity. We used conductivity,
acid-neutralising capacity (ANC), pH, sulphate and chloride
to characterise the main chemical differences between the
lakes. We used total phosphorus, dissolved inorganic car-
bon (DIC), dissolved organic carbon (DOC), and dissolved
reactive silica (DRSi) to characterise the tropho-dynamics of
the lakes. During summer stratification, the photic zone is
deeper than the thermocline in these lakes. Light penetration
is high and the Secchi disk may be as deep as 20 m. There-
fore, irradiance at the bottom is sufficient for algal growth in
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Table 1. Physical and epilimnetic chemical characteristics of the lakes.
Llebreta Llong Redo´ Redon Xic de Bergu´s Gelat de Vidal
d’Aigu¨estortes Colomina Bergu´s d’Amunt
(1) (2) (3) (4) (5) (6) (7) (8)
Latitude – N 42.55 42.57 42.58 42.64 42.52 42.59 42.59 42.53
Longitude – E 0.89 0.95 0.96 0.78 1.00 0.96 0.96 0.99
Altitude (m a.s.l.) 1620 2000 2150 2240 2425 2449 2500 2688
Catchment area (ha) 5438 1111 322 153 35 101 24 17
Catchment land cover (%)
Rock (Outcrops, scarps) 18.9 26.7 23.1 18.7 20.2 31.6 51.7 51.2
Scree 30.0 30.3 57.4 36.5 49.5 64.1 39.6 46.2
Thin soil (alpine meadows) 9.5 13.1 8.5 36.2 15.9 2.5 4.5 1.4
Thick soil (shrubs, forest) 41.7 29.9 11.0 8.6 14.4 1.8 4.1 1.2
Lake area (ha) 8.0 7.1 6.0 24.1 1.8 6.5 1.4 2.3
Maximum depth (m) 10.5 12 10 73 11 50 7.5 18
Conductivity (µS cm−1) 42 29 12 11 25 13 8 24
Sulphate (µeq L−1) 50 33 16 18 21 14 14 17
Chloride (µeq L−1) 7 5 4 6 5 10 5 7
Acid-neutralising capacity (µeq L−1) 327 235 71 59 209 73 42 201
pH 7.4 7.5 7.0 7.0 7.5 7.0 6.8 7.5
Dissolved inorganic carbon (mg L−1) 3.9 2.7 0.9 0.7 2.5 0.9 0.6 2.4
Dissolved organic carbon (mg L−1) 1.4 1.7 1.0 1.3 2.1 1.0 1.1 2.2
Sediment organic matter (%) 26.4 23.3 22.9 22.1 26.0 18.3 16.3 24.5
Photic index1 (%) 100 100 100 27 100 40 100 39
Total phosphorus (µg L−1) 7.8 9.5 7.5 5.2 6.3 4.3 5.4 7.9
Dissolved reactive silica (µmol L−1) 48 25 31 8 21 30 18 16
1 Photic index = Secchi disk depth/Lake depth×100.
shallow lakes (<∼15 m deep; Buchaca and Catalan, 2008).
In order to take this into account, we used a photic index con-
sisting of the ratio between the Secchi disk depth and lake
depth, expressed as a percentage (Catalan et al., 2009b).
2.2 Sampling
In alpine lakes in temperate zones, after the snow and ice
cover melts, the water column mixes and NH+4 and NO
−
3 con-
centrations homogenise throughout the water column (Cata-
lan, 1992; Catalan et al., 2002). As soon as lake wa-
ter reaches 4 ◦C, the water column stratifies, phytoplankton
blooms, and the physical, chemical and biological character-
istics of the epilimnetic and hypolimnetic layers start to di-
verge. Deep chlorophyll maximum (DCM) develops at about
1.5 times the Secchi disk depth, or just a few centimetres
above the bottom in shallow lakes (Catalan et al., 2002). In
accordance with this seasonal pattern, we sampled the lakes
in the middle of the stratification period to evaluate differ-
entiation within the water column. To examine δ15N varia-
tion in DIN, we considered three lake compartments, namely:
epilimnetic water (EW); DCM water (DCMW) and upper
sediment pore water (SPW). Typically, DIN concentrations
are established during the thawing period, when about half of
the year’s precipitation enters the lake as snowmelt in a few
weeks (Catalan, 1992). Catchment characteristics may have
a large influence at this point; conditioning the water flow
path to the lakes. After stratification, EW is more likely to be
influenced by inflow water than DCMW and SPW; whereas
the latter two may continue to interact mutually. Inflow water
is richer in NO−3 than in NH
+
4 , and DIN is higher than dis-
solved organic nitrogen (DON). This is a general feature in
alpine catchments (Hood et al., 2003; Kopacek et al., 2005).
We have data from two lakes (L. Camarero, personal com-
munication, 2009) that confirm this general feature during
the period of our study (Table 2).
The lakes were sampled during the first week of Au-
gust 2006. EW, DCMW and SPW from each lake were anal-
ysed for NO−3 , NH
+
4 , δ
15N-NO−3 and δ15N-NH
+
4 content, as
well as other physical and chemical properties. EW was
sampled at 1 m depth, DCMW at 1.5 times the Secchi disk
depth or alternatively, 1 m above the bottom when the Sec-
chi disk was still visible at the bottom of the lake. These
two water column samples were collected by means of a
Ruttner bottle. Samples for δ15N-NO−3 analysis were field-
filtered (pre-ashed Whatman GF/F, 0.7 µm pore size) into
clean polypropylene hermetic bottles and stored at −20 ◦C
until analysis, following Spoelstra et al. (2004). With this
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Table 2. Average dissolved nitrogen concentration in inlets
(June 2004 to April 2006) and annual loading (2006) into two of
the lakes studied.
NO−3 NH
+
4 DON
Concentration (µmol L−1)
Llebreta inlet 18±2 0.2±0.2 4±4
Llong inlet a 15±4 0.2±0.2 5±4
Llong inlet b 12±3 0.3±0.2 5±4
Input fluxes (kmol y−1)
Llebreta inflow 529 2.7
Llebreta deposition 3 2.5
Llong inflows 140 1.8
Llong deposition 3 2.4
method, Spoelstra et al. (2004) detected no NO−3 production
or assimilation in the samples over a two-week incubation
period and found that atmospheric NO−3 isotopic ratios were
preserved.
SPW was sampled using a gravity core. Immediately, the
first five centimetres were extruded and stored in a hermetic
polypropylene bag without air. This bag was transported cold
to the lab where it was frozen. After defrosting, SPW was
obtained by high-pressure filtration with Whatman GF/F, 0.7
µm pore size.
To have an initial reference of δ15N, bulk deposition was
sampled fortnightly from 1 June to 25 August 2006. Samples
were collected at 2240 m a.s.l. on the shore of lake Redon;
this elevation corresponds to the middle of the lake altitude
distribution. Due to the previously observed lack of signifi-
cant differences in the chemistry of bulk precipitation in this
area within the lake altitude range (Camarero and Catalan,
1996), deposition at this point was considered representative.
The analytical procedures applied to bulk deposition samples
were the same as those used for the water column samples.
2.3 Chemical analysis
Ammonium was determined following Solo´rzano (1969).
Nitrate, chloride and sulphate were determined using a Wa-
ters Quanta 4000 Capillary Electrophoresis system. pH was
measured with an Orion Research model 720A pHmeter,
with a low ionic strength filling solution in the pH electrode
(KCl 1 M). Sediment organic matter was estimated as weight
loss on ignition (LOI) at 550 ◦C (Heiri et al., 2001). ANC
was determined by Gran titration. Conductivity was deter-
mined with an Instran-10 conductimeter. DIC and DOC were
determined by IR absorption using a Shimadzu TOC-5000
analyzer. Total phosphorus was determined according to the
Malachite green method, with previous acid persulphate di-
gestion (Camarero, 1994). DRSi was determined by the blue
silicon-molybdenum method (Grasshoff et al., 1983).
Stable isotopic ratios of NH+4 and NO
−
3 were determined
by the alkaline headspace diffusion methods of Holmes et
al. (1998) and Sigman et al. (1997), respectively. For the
δ15N of NH+4 , magnesium oxide (MgO) was added to in-
crease the pH and to convert NH+4 to NH3. A filter pack
consisting of an acidified (KHSO4 2.5 M) glass fibre filter
sandwiched between two Teflon filters was placed in each
sample bottle in the field. Back in the lab, the samples were
incubated on a shaker table at 40 ◦C for 14 days, to promote
diffusion of NH3 towards the filter pack. To determine the
δ15N of NO−3 , the samples were initially boiled, with MgO
added, and vaporised to 100 mL to concentrate and drive off
NH+4 as NH3. Thereafter, Devarda’s alloy was added to the
samples, which were placed in an oven at 60 ◦C for 48 h
to reduce NO−3 to NH
+
4 . The rest of the δ
15N-NO−3 pro-
cedure was the same as for δ15N-NH+4 . Filter packs from
these analyses were analysed for the nitrogen isotopic ratio
on a Europa Integra mass spectrometer (Sercon) at the Uni-
versity of California Davis Stable Isotope Facility. During
analysis, samples were interspersed with several replicates
of at least two different laboratory standards. These lab-
oratory standards, which were selected to be composition-
ally similar to the samples being analysed, had previously
been calibrated against NIST Standard Reference Materials
(IAEA-N1, IAEA-N2, IAEA-N3 and IAEA-CH7) (Gonfi-
antini, 1978). The preliminary isotope ratio was measured
relative to reference gases analysed with each sample. These
preliminary values were finalised by adjusting the values for
the entire batch based on the known values of the labora-
tory standards included. The precision of replicate analy-
ses of standards was 0.2%. Corrections to isotope values
were calculated following Holmes et al. (1998) and Sigman
et al. (1997). Standards were analysed concurrently, with ev-
ery set of samples analysed for nitrate and ammonium δ15N.
They were prepared by adding an NH+4 stock solution of
known isotopic composition to the same bottles to achieve
an NH+4 concentration similar to that expected. We used de-
viations between the known concentration and isotopic com-
position of the standards and the values obtained after the
procedure to correct the sample results. δ15N-NO−3 values
were also corrected for any N added due to Devarda’s alloy
contamination (Devarda’s blanks), as described in Sigman et
al. (1997). Deviations due to the different bottle volumes
used during the analysis were also corrected for following
Holmes et al. (1998). NO−3 concentrations in SPW were very
low; as a result, SPW NO−3 isotopic composition could not
be determined as it would have required about 4 L of pore
water.
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Table 3. Descriptive statistics of concentration and isotopic com-
position of ammonium and nitrate in the lake compartments and
deposition.
Mean Standard Minimum Maximum
deviation
NH+4 (µmol L−1)
EW 0.8 0.4 0.4 1.6
DCMW 0.9 0.4 0.4 1.6
SPW 98 72 9.6 258
Deposition 47* 30* 12 102
NO−3 (µmol L−1)
EW 8.2 5.0 0.0 14.4
DCMW 8.3 5.2 0.0 16.2
SPW 1.5 1.7 0.0 3.6
Deposition 40* 17* 14 70
δ15N-NH+4 (‰)
EW −2.68 4.34 −8.47 4.06
DCMW −0.27 6.33 −9.42 7.39
SPW 2.18 1.55 0.36 5.11
Deposition −2.50* 3.70* −8.51 2.02
δ15N-NO−3 (‰)
EW −6.28 1.46 −8.57 −3.46
DCMW −6.70 2.52 −11.40 −4.16
SPW – – – –
Deposition −4.40* 4.70* −8.49 4.99
∗ Weighted by precipitation volume.
3 Results
3.1 General patterns
Simple statistics indicated contrasting patterns across lake
compartments both of concentration and isotopic composi-
tion of NO−3 and NH
+
4 (Table 3). SPW NH+4 concentrations
were remarkably high compared to water column values (i.e.,
EW and DCMW); about two orders of magnitude higher.
SPW NO−3 concentration was lower than that in the water
column, below 1 µmol L−1 in four lakes. Such low concen-
trations made determination of δ15N-NO−3 in pore water un-
feasible using our method. SPW δ15N-NH+4 values were al-
ways positive, generally higher than in the water column, and
showed less variability across lakes than EW and, particu-
larly, DCMW values (Table 3).
In contrast with sediments, NH+4 concentration in the wa-
ter column was low compared to NO−3 (Table 3). There
were no significant differences in NH+4 concentrations be-
tween EW and DCMW values (paired t=0.6, df=14, p-
value<0.5) (Fig. 2). Likewise for NO−3 concentrations there
were no differences between EW and DCMW (paired t=0.6,
df=7, p-value=0.6), despite the range of NO−3 concentra-
tions across the lakes being larger than for NH+4 (Fig. 2).
In contrast, the range of δ15N-NH+4 values was much larger
 38
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Fig. 2. Relationships between epilimnetic water (EW) and deep
chlorophyll maximum water (DCMW) in terms of nitrate and am-
monium concentrations and δ15N, from the eight Pyrenean lakes
studied (lakes numbered according to Table 1).
than for δ15N-NO−3 ; the former exceeding the whole range
found in deposition and pore water (Table 3, Fig. 2). EW
and DCMW δ 15N-NH+4 were not significantly different
(paired t=−0.9, df=7, p-value=0.4), although dispersion in-
creased in DCMW compared to EW (Table 3). Water col-
umn δ15N-NO−3 values were generally lower than in deposi-
tion, again without significant differences between EW and
DCMW (paired t=0.6, df=7, p-value=0.6). In summary, wa-
ter column DIN is characterised by higher concentrations of
NO−3 than NH
+
4 , large variability among lakes, and statis-
tically non-significant isotopic composition differences be-
tween EW and DCMW.
The isotopic composition and concentration of NH+4 and
NO−3 were not independent in all cases (Table 4). The
highest dependency was shown by DCMW and EW δ15N-
NO−3 , which both correlated with water column NO
−
3 con-
centrations, in addition, DCMW δ15N-NO−3 correlated with
SPW NO−3 and NH
+
4 concentrations. Epilimnetic δ
15N-NH+4
was also related to concentration in that compartment. How-
ever, neither DCMW nor SPW δ15N-NH+4 correlated with
concentrations (Table 4).
3.2 Relationships between isotopic composition and
environmental features
Isotopic composition correlated with a number of environ-
mental variables (Table 4), with the exception of SPW δ15N-
NH+4 , which did not show any significant correlations.
The environmental variables that correlate with isotopic
www.biogeosciences.net/7/1469/2010/ Biogeosciences, 7, 1469–1479, 2010
1474 M. Bartrons et al.: Isotopic composition of dissolved inorganic nitrogen in high mountain lakes
0.6 1.2 0 20 40 0 4 8
50 100 30 60 6 14
50 200 300 700 6 14
1 3 1800 2600 1.3 2.1
-5
1
-5
1
-5
1
-10
0
-10
0
-7
-4
-7
-4
-7
-4
-10
-5
-10
-5
-10
-5
-10
-5
1
2
3
4
5
6
7
8
1
2
3
4
5
6
7
8
1
2
3
4
5
6
7
8
12
3
4
5
6
7
8
12
3
4
5
6
7
8
1
2 34
5
6
7
8
1
234
5
6
7
8
1
234
5
6
7
8
EW
 δ1
5 N
-N
O
3-
D
C
M
W
 δ1
5 N
-N
O
3-
D
C
M
W
 δ1
5 N
-N
H
4+
EW
 δ1
5 N
-N
H
4+
12
34
5
6
7
8
12
34
5
6
7
8
EW
 δ1
5 N
-N
O
3-
1 2
3 4
5
6
7
8
1 2
3 4
5
6
7
8
D
C
M
W
 δ1
5 N
-N
O
3-
EW NH4
+
DCM NO3
-
EW DrSi
ScreePhotic Index
SPW NH4
+ DCMW NO3
-
SPW NO3
-
Catchment / Lake Area
DOC
EW
 δ1
5 N
-N
H
4+
EW
 δ1
5 N
-N
H
4+
D
C
M
W
 δ1
5 N
-N
O
3-
D
C
M
W
 δ1
5 N
-N
O
3-
Altitude
EW
 δ1
5 N
-N
O
3-
1 / EW NH4
+
D
C
M
W
 δ1
5 N
-N
H
4+
 
Fig. 3. Relationships between δ15N-NO−3 and δ15N-NH
+
4 , from
epilimnetic water (EW) and deep chlorophyll maximum wa-
ter (DCMW), and different lake variables. The eight Pyrenean lakes
studied are numbered according to Table 1. δ15N values are ex-
pressed in ‰, concentration of ammonium (NH+4 ), nitrate (NO−3 )
and dissolved reactive silica (DRSi) in µmol L−1, photic index and
scree in %, altitude in m a.s.l. and dissolved organic carbon (DOC)
in mg L−1.
composition were different for NH+4 and NO
−
3 and also dif-
fered between EW and DCMW (Table 4). Due to the ten-
dencies inherent to the altitudinal gradient, some of the re-
lationships observed (Tabla 4) could be redundant. In order
to clarify the strongest relationships, we performed stepwise
regressions (Venables and Ripley, 1994) to obtain appropri-
ate models that avoid redundancy in describing the relation-
ships (Table 5). Due to the small number of observations,
we performed three types of stepwise regression: one based
on concentrations as explanatory variables; another based on
environmental factors and a final one mixing the variables
selected in the two previous models.
EW δ15N-NH+4 was mainly related to DRSi (Table 5):
the higher the DRSi, the higher δ15N (Fig. 3). DRSi
overrides NH+4 concentration, which was also correlated to
EW δ15N-NH+4 . DCMW δ15N-NH
+
4 was related to scree
proportion in the catchment and to photic index. These
two variables showed complementary explicative capacity
(Fig. 3). DCMW δ15N-NH+4 decreased with increasing scree
Table 4. Correlation (r values) between isotopic composition of ni-
trate and ammonium in the different lake compartments and ammo-
nium and nitrate concentrations and environmental variables. Only
variables with some significant relationship are listed, all environ-
mental variables in Table 2 were tested.
δ15N-NH+4 δ15N-NO
−
3
EW DCMW SPW EW DCMW
EW NH+4 0.83b 0.39 −0.23 0.66 0.57
SPW NH+4 −0.31 −0.07 0.27 0.01 −0.73a
EW NO−3 0.59 0.32 −0.18 0.71a 0.90c
DCMW NO−3 0.63 0.42 −0.19 0.74a 0.87b
SPW NO−3 0.52 0.35 −0.50 0.56 0.74*
Altitude −0.53 −0.65 0.11 −0.70a −0.74a
Catchment/lake area 0.62 0.59 −0.21 0.80b 0.48
Scree 0.27 −0.77b 0.60 −0.25 −0.23
Thick soil 0.44 0.68a −0.13 0.56 0.56
Sulphate 0.45 0.61 −0.23 0.67a 0.47
DOC −0.41 −0.17 0.16 −0.33 −0.68a
Photic index 0.43 0.71a 0.20 −0.03 0.28
DRSi 0.93c 0.35 0.16 0.74a 0.55
ap<0.05; bp<0.01; cp<0.001
proportion in the catchment, and this decline was accentu-
ated in lakes where Secchi disk visibility did not reach the
lake bottom (photic index <100%).
The ratio between catchment and lake areas was the en-
vironmental factor that showed the best relationship with
EW δ15N-NO−3 . This was mainly due to the influence of
Llebreta; a lake with exceptionally high EW δ15N-NO−3
and catchment/lake area ratio. The relationship may there-
fore be spurious; excluding Llebreta from the analysis re-
sults in a non-significant relationship (r2=0.06; p<0.60). In
the mixed model, the concentration variables override the
explicative capacity of catchment/lake area ratio (Table 5).
DCMW NO−3 was highly correlated to EW δ15N-NO
−
3 and
residuals were partially accounted for by SPW NH+4 (Fig. 3).
Altitude on its own shows up in explaining DCMW δ15N-
NO−3 (Fig. 3) and was complementary to DOC (Table 5). In
this case, the mixed model included the two environmental
variables and one concentration (SPW NO−3 ).
4 Discussion
The variation in isotopic composition of dissolved com-
pounds in a given compartment results from the mixing of
different sources of DIN or fractionation due to ongoing in
situ processes. Fractionation generally occurs if there is a
large pool of substrate and the amount actually used in the
process is small compared to the pool size (Hoch et al., 1992;
York et al., 2007). The negative values of δ15N in depo-
sition show the pollutant origin of at least part of the ni-
trogen (Moore, 1977; Freyer, 1991; Hastings et al., 2003).
δ15N-NO−3 values in the water column were always below
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Table 5. Regression models relating isotopic composition to explanatory variables. Models based on dissolved inorganic nitrogen concen-
tration, environmental variables and mixed models are compared.
Response variable model DIN concentration model r2 p-value Environment model r2 p-value Mixed model r2 p-value
EW δ15N-NH+4 EW NH
+
4 0.68 0.011 DRSi 0.87 0.001 DRSi 0.87 0.001
DCMW δ15N-NH+4 – Scree + Photic index 0.86 0.006 Scree + Photic index 0.86 0.006
SPW δ15N-NH+4 – – – – – – – – –
EW δ15N-NO3 DCMW NO−3 +SPW NH
+
4 0.84 0.010 Catchment/lake ratio 0.64 0.018 DCMW NO
−
3 +SPW NH
+
4 0.84 0.010
DCMW δ15N-NO3 DCMW NO−3 +SPW NO
−
3 0.87 0.006 Altitude + DOC 0.81 0.015 Altitude + DOC + SPW NO
−
3 0.96 0.012
the atmospheric ratios in our study, which indicates the in-
fluence of additional fractionation. Catchment nitrification
is the most likely candidate. Several arguments support this
view. NH+4 is as abundant as NO
−
3 in deposition and they
show similar δ15N. However, inflow water entering the lakes
is extremely poor in NH+4 (Table 2), as in many other moun-
tain ranges (Campbell et al., 2000). Therefore, NH+4 is either
assimilated by plants and microorganisms, or is nitrified to
NO−3 . Both processes occur (Campbell et al., 2000). Since
NH+4 concentration in deposition is high, we can expect frac-
tionation; increasing δ15N-NH+4 and decreasing δ15N-NO
−
3
values. Nitrification has a considerable capacity for fraction-
ation (10–40‰; Delwiche and Steyn, 1970, and Mariotti et
al., 1981).
4.1 Isotopic composition of ammonium in sediment
pore water
The ammonium isotopic composition of SPW (δ15N-NH+4 )
showed three distinctive features: values were approximately
2‰ to 5‰ higher than the corresponding water column val-
ues (Table 3); differences in values between lakes were much
lower than for values in the water column, particularly com-
pared to DCMW δ15N-NH+4 (Table 3); and variation in iso-
topic composition did not correlate with any of the catchment
or lake environmental factors considered, nor with NH+4 con-
centrations in SPW.
The relatively low variation in SPW δ15N-NH+4 and
the lack of correlation with other variables indicates that
SPW δ15N-NH+4 values probably result from in situ pro-
cesses. The difference from water column values indicates
there is one or more fractionation process, which ultimately
enriches sediment ammonium in 15N. These processes will
occur independently of altitudinal constraints. This is not
surprising since sediment conditions are similar across all
the lakes studied: organic matter content is around 20% and
temperature is approximately 4 ◦C for most of the year. Be-
cause of the large pool of NH+4 in pore water (concentrations
are orders of magnitude higher than in the water column)
fractionation may occur via processes that only use a por-
tion of the whole NH+4 pool. There are at least three can-
didate processes: organic matter diagenesis, nitrification and
up-take by periphyton at the sediment/water interface. The
three processes fractionate in the same direction; they all re-
sult in 15N enrichment. However, organic matter diagene-
sis is probably the process which contributes most. Our re-
sults are in accordance with Lehmann et al. (2002); organic
matter diagenesis would produce enrichment because during
mineralisation, lighter N is first released to the SPW NH+4
pool and taken up, with further fractionation, by microorgan-
isms whose growth is based on further organic matter de-
composition. This recursive process results in a progressive
enrichment of the SPW NH+4 pool until it reaches a certain
steady-state that depends on: the input fluxes of organic mat-
ter, and the output fluxes by NH+4 diffusion and organic mat-
ter burial (Lehmann et al., 2002). Nitrification has a con-
siderable capacity for fractionation (10–40‰; Mariotti et al.,
1981); however, it requires oxygenated conditions, which are
unlikely except in the uppermost sediment. The lack of cor-
relation between SPW δ15N-NH+4 and SPW NO
−
3 concen-
tration, and the poor δ15N-NH+4 enrichment in relation to
water column δ15N-NH+4 values suggest that the effects of
nitrification in the uppermost sediment are modest. Finally,
uptake by periphyton could also contribute. In contrast to
lakes with a higher trophic status, these oligotrophic alpine
lakes are clear enough to sustain the growth of periphyton
on top of the sediment. Ammonium from pore water could
be a major source of nitrogen for them. The three lakes
with lower photic indexes (<100%) showed SPW δ15N-NH+4
values around the mean (approximately 2‰); lakes with a
photic index of 100% covered the whole range of SPW δ15N-
NH+4 (0.4‰ to 5‰); perhaps periphyton activity played an
important role in those lakes with values in the upper range.
4.2 Isotopic composition of DIN in the water column
The water column system is more open than the sediment
system, particularly in these lakes with low water residence
times. Seasonality is quite marked. Two aspects are impor-
tant for interpreting the patterns and relationships observed.
First, spring overturn implies a reset and homogenisation of
the water column DIN. The large water inflow, due to snow-
pack thawing, and enhanced water column interaction with
sediments, because of mixing, imply high DIN supply to the
whole water column in a homogenised way. With the on-
set of stratification, epilimnetic and hypolimnetic DIN may
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start to differentiate. In addition to water column processes,
epilimnetic waters are still open to further inflow influence
and depending on lake morphology, the hypolimnion may
interact with SPW. During spring overturn, the DIN features
will be more or less preserved depending on the intensity of
the processes during stratification. In eutrophic lakes, later
biological activity will probably erase any initial spring pat-
tern; however, in these very oligotrophic lakes the signature
may remain. The second relevant aspect is snowfall. Broadly
half of the total precipitation in this area is in the form of
snow during winter and early spring (Camarero and Catalan,
1996). During the thaw a large amount of water circulates
on the surface in a short time; part of it has little interaction
with organic soils. There is a certain amount of snow that
remains until late in summer, with the proportion increas-
ing with altitude, but also depending on topographic details
and the general orientation of the catchment. Snow, and to
a large extent water from melting snow, has some chemi-
cally distinctive features (Catalan, 1988, 1992) including a
higher NH+4 content than that of water in streams, and null
or very low DRSi. However, during snowpack melting, there
is differential solute migration; as the thaw progresses, the
resultant water contains less and less salts: they all, includ-
ing NH+4 , decrease to very low levels (Brimblecombe et al.,
1987; Catalan, 1989).
The correlation between EW and DCMW variables
(Fig. 2, Table 3) indicates that features of the spring over-
turn are not completely erased during stratification. The in-
fluence of spring overturn is more important for NO−3 than
NH+4 . This is supported by the similarity between EW
and DCMW NO−3 concentrations (paired t=0.6, df=7, p-
value=0.6) and isotopic composition values (paired t=0.6,
df=7, p-value=0.6) (Fig. 2) and the correlations between EW
isotopic composition and DCMW concentrations and, vice
versa, DCMW isotopic composition and EW concentration
(Table 4).
The higher the elevation, the lower the NO−3 concentration
and the more negative the isotopic values (Table 5, Fig. 3).
The slightly skewed relationship (Fig. 3) and the specific iso-
topic values at the extremes suggest that the pattern may
result from the mixing of two NO−3 sources, namely: one
related to the snowpack with only a superficial flow path;
and the other closely related to organic soils. As mentioned
above, snowpack melting implies a differential elution of an-
ions, thus later meltwater is poorer in NO−3 than it is initially
(Tsiouris et al., 1985; Berg, 1992). As the thaw advances, the
snow influence is characterised by waters containing very lit-
tle salts. The isotopic composition of NO−3 in this superficial
flow path can easily be affected by nitrification, which results
in a decline of the already low δ15N-NO−3 values from pre-
cipitation. The effects of nitrification on the isotopic com-
position of NO−3 in water circulating through soils may be
less apparent for several reasons. Firstly, the NH+4 substrate
for nitrification presents higher values in soils than in snow.
Secondly, denitrification in low oxygenated soils can offset
nitrification effects in more aerated soils. Thirdly, larger con-
centrations may be less sensitive to mixing effects. More-
over, the relationships of δ15N-NO−3 with DOC and with pore
water NH+4 and NO
−
3 concentrations indicate that in-lake dy-
namics also plays a significant role in δ15N-NO−3 variation.
During lake overturn, exchange with sediments is enhanced
and the high NH+4 concentrations in the sediments could be
a source of nitrification within the lake. As SPW δ15N-NH+4
values are about 2‰, nitrification will yield δ15N-NO−3 of
about −8‰ or lower, as observed in the lakes with the high-
est NH+4 concentrations in their sediment (Fig. 3). The re-
lationship between DCMW NO−3 and δ15N-NO
−
3 may sim-
ply reflect the relationship between NO−3 concentration in
DCMW and SPW.
The correlation between scree proportion in the catch-
ment and DCMW δ15N-NH+4 indicates that conditions dur-
ing spring lake overturn also influence NH+4 isotopic compo-
sition. In this case, there is no relationship between con-
centration and the isotopic composition, so there must be
a complex situation of mixing or fractionation processes.
Higher scree proportion corresponds to lower δ15N-NH+4
values (Fig. 3). This may indicate that during thawing in
these catchments there is less water circulating through or-
ganic soils, in which the process of organic matter decay en-
riches the δ15N of the soil DIN. More negative δ15N-NH+4
values in deeper lakes (i.e., photic index <100%) may indi-
cate less influence of NH+4 diffusing from sediments and a
lower up-take by phytoplankton and periphyton than in lakes
where the bottom is well illuminated (Fig. 3). The low NH+4
concentrations, which are related to the fact that algae prefer
this N source over NO−3 whilst NH
+
4 concentration is above
approximately 1 µmol L−1, probably facilitate some differen-
tiation between epilimnetic and hypolimnetic isotopic signa-
tures and part of the high variation in δ15N-NH+4 observed
between lakes (Table 3).
In the epilimnion, there were significant correlations be-
tween DRSi, NH+4 concentration and isotopic composition.
The higher the DRSi, the higher the δ15N-NH+4 levels. This
suggested a simple case of mixing of two water sources with
contrasting DRSi and δ15N-NH+4 characteristics (Fry, 2002).
However, the linear correlation between DRSi and NH+4 con-
centration (EWNH+4 =0.17+0.025 DRSi, r2=0.74, p<0.006)
indicated that the two sources differ in NH+4 and thus, we
cannot infer the δ15N-NH+4 of the sources directly from the
DRSi relationship. However, there was a linear relation-
ship between δ15N-NH+4 and the inverse of the concentra-
tion (Fig. 3), δ15N-NH+4 =6.23–6.07 (1/EWNH+4 ), r2=0.63;
p<0.019, which indicates a possible mixing of two sources
with different but constant concentrations and isotopic com-
positions (Keeling, 1958; Fry, 2006). Although from these
two relationships it is not possible to calculate the exact val-
ues of concentration and δ15N in the sources, it is possi-
ble to identify some important features of these sources and
the mixing proportions, based on the following assumptions:
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(i) the variables involved are related according to the pa-
rameters estimated above in the two equations; (ii) DRSi in
one of the sources is close to zero; and (iii) the values of
the sources should be higher or lower, respectively, than the
maximum and the minimum values measured for each of the
variables considered. In Fig. 4 we illustrate one of the mul-
tiple solutions satisfying these assumptions. Although other
specific values for the two sources are possible, we show a
case with one of the lowest DRSi values that conforms with
all the assumptions. All the potential solutions share some
general features, namely: (i) one of the sources has very
low DRSi (close to 0) and NH+4 (<0.5 µmol L−1) concentra-
tions, and relatively low negative δ15N-NH+4 (approximately−30‰); (ii) the other source has much higher concentra-
tions of DRSi (>100 µmol L−1) and NH+4 (>3 µmol L−1)
and positive δ15N-NH+4 (>4‰); and (iii) according to the
model, in our field samples, the contribution of the source
with low DRSi should be higher (60%–90%) than the source
with higher values. Low silicate and low NH+4 features re-
late the source to the snow water from late snowpack thaw-
ing. According to the δ15N-NH+4 measured in precipitation,
negative values could be expected, but probably not so low.
In future studies it would be interesting to examine whether
during snowpack melting there is 15N depletion of the re-
maining NH+4 . High silicate and high δ15N-NH
+
4 relate the
second source to the soil solution, which under similar cli-
mate conditions shows values higher than 4‰ (Amundson et
al., 2003; Makarov, 2009). Similarly to the case of DCMW,
it seems that these two different pathways to the streams, and
eventually the lake, determine most of the EW variation in
δ15N-NH+4 . However, there is a difference with respect to
DCMW; in the EW case there is no correlation between alti-
tude, or any feature changing progressively with altitude such
as land cover types, and δ15N-NH+4 . Why should the con-
nection between the snow influence and general catchment
features be lost in EW as summer progresses? We hypothe-
sise that it is due to the increasingly local character that the
influence of temporary snow patches and snowfields has as
thawing and summer progress. When snow is still abundant
during the early thaw, average characteristics of the catch-
ment, with a marked altitudinal change, are relevant enough
to characterise water flowing into the lakes. However, when
snow only remains in more sheltered areas, average charac-
teristics fail to capture the contribution of this snow, which
is highly influenced by the particular circumstances of each
lake. For instance, lakes in direct contact with areas of scree
or large boulders may receive more snow-like influence de-
spite not being at higher altitudes.
4.3 Concluding remarks
The isotopic composition of DIN differs markedly between
that in SPW and in the water column up and down the alti-
tudinal gradient of the lakes considered. Ammonium in pore
water has higher δ15N than water column DIN, and shows
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Fig. 4. Comparison between measured field data (symbols) and esti-
mated values (line) based on the mixing of two hypothetical sources
with the following characteristics: source A, DRSi=0 µmol L−1;
NH+4 =0.17, δ15N-NH
+
4 =−29.5‰; source B, DRSi=120 µmol L−1;
NH+4 =3.17, δ15N-NH
+
4 =4.3‰.
relatively little variation between lakes. The difference be-
tween pore water and water column δ15N-NH+4 is probably
related to organic matter diagenesis, which occurs under sim-
ilar conditions in all these mountain lakes. Factors that are
external to the lakes do not appear to be relevant in explain-
ing any isotopic variation in pore water.
Water column isotopic variation seems to be mostly re-
lated to catchment water flow paths to the lake. The in-
fluence of snow, through rocky surface flow paths, results
in a DIN pool depleted in 15N, whereas flow paths includ-
ing circulation through more heavily vegetated areas provide
higher δ15N. Similarities between epilimnetic and hypolim-
netic DIN indicate that the thawing period has a large influ-
ence on establishing the differences between lakes in DIN
isotopic composition. SPW DIN also plays a role in δ15N-
NO−3 , related to in-lake dynamics. Concerning epilimnetic
δ15N-NH+4 , the influence of snow probably acquires a more
local character as summer advances, whereas DCMW δ15N-
NH+4 is further influenced by lake photic characteristics in
the hypolimnion. The phytoplankton use of NO−3 as an al-
ternative N source when NH+4 concentration in the water
column is low, and the later regeneration by food web or-
ganisms, may result in highly depleted water column δ15N-
NH+4 . Overall, the role of the snowpack in lake water col-
umn δ15N-NH+4 throughout an annual cycle merits further
research (Ohte et al., 2004).
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In summary, we can characterise lake isotopic composition
according to the degree of snow-type or soil-type influences.
The differentiation bears some relation to altitude, but does
not exclusively follow the elevation. Catchment characteris-
tics and the specific location of lakes within the catchment
appear more relevant in determining the isotopic composi-
tion of ammonium. Under the scenarios proposed here, lakes
with a greater snow-type influence may provide a more reli-
able index of changes in N deposition and pollution sources,
whereas lakes with a greater soil-type influence may reflect
long-term effects on vegetation and soil dynamics.
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